Proteins containing an expanded polyglutamine tract are neurotoxins. The expanded polyglutamine proteins influence a variety of cellular functions. In Drosophila the GMR-Gal4/UAS expression system has been widely used in an eye-based model to study human neurodegenerative diseases. This system has facilitated the isolation and characterization of abundant Drosophila genes that interact with the expanded polyglutamine proteins. We used the GMR-Gal4/UAS system to express three proteins containing an expanded polyglutamine tract, or an expanded polyglutamine tract alone. Doubling the dose of these proteins resulted in pupal lethality, indicating that these toxic proteins induced a sensitized condition that is prone to synthetic lethality. By using the GMRGal4/UAS system, we showed that a Drosophila gene interacts with three expanded polyglutamine proteins to induce a synthetic lethal phenotype. We further demonstrated that the synthetic lethality was mediated through the toxic expanded polyglutamine tract. Our study raises a possibility that conventional genetic screens may not recover synthetic lethal alleles, which are presumably stronger interacting alleles than the currently known modifiers of an expanded polyglutamine tract, due to synthetic lethality.
Materials and Methods

Drosophila Strains and Culture
Flies were raised on standard corn/agar media at 25˚C. Most of the alleles were obtained from the Bloomington Drosophila Stock Center. These included longGMR-Gal4 
Isolation of the d10135a Chromosome
We found that a Drosophila third chromosome caused a synthetic lethal phenotype in a genetic background where a transgene was expressed. The transgene, UAS-Sca3-Q78, encodes an expanded polyQ protein, which is a neural toxin [31] . The chromosome, d10135, carried two copies of a genetically engineer P element, XP, which could overexpress the adjacent endogenous Drosophila genes via the Gal4/UAS system [32] [33] . One of the XP elements on d10135 was located in 65C3 of the left arm, while the other was in 85A2 on the right arm. Flies homozygous for d10135 were viable and fertile, without obvious defects. When combined with a Gal4 driver, longGMR-Gal4, which expresses the Gal4 protein predominantly in the Drosophila eyes [34] , d10135 caused a rough eye surface defect.
To identify the XP element on the d10135 chromosome that is responsible for the rough eyes and the synthetic lethality, a combination of genetic and molecular approaches were taken. First, we used meiotic recombination to map the overexpressing mutation on d10135 that induced the eye defect. A series of 4 chromosomes were chosen and each of these chromosomes carried a P{SUPor-P} element on the left arm of Chromosome 3, in the locations of 63E1, 65C3, 67A7, and 70C6, respectively (Figure 1) . P{SUPor-P} contains a yellow + marker that gives rise to dark cuticle pigmentation in adults, in addition to a white + marker. Females of the genotype y w/y w; +/+; d10135/P{SUPor-P} for each of the chromosomes were generated and crossed to males of genotype y w/Y; longGMR-Gal4/CyO; +/+. We asked if recombinant progeny, longGMR-Gal4/+; XP·P{SUPor-P}/+ were generated that displayed both the eye defect and yellow + body color. All but one of the P{SUPor-P} elements produced abundant recombinants. The exception was the P{SUPor-P} element in 65C3, P{SUPor-P}dikar, that produced no recombinants (N > 1000). Since an XP element on d10135 was located in 65C3, the result showed that the overexpression mutation for the eye defect in the genotype containing d10135 and longGMR-Gal4 was caused by the XP element in 65C3.
In addition, recombination mapping was also used to locate the overexpression mutation on d10135 that interacted with UAS-Sca3-Q78 to generate the synthetic lethality. Females of the genotype y w/y w; +/+; d10135/ P{SUPor-P}dikar were generated and crossed to males of genotype y w/Y; longGMR-Gal4 UAS-Sca3-Q78/CyO; +/+. Because an interaction of d10135 with UAS-Sca3-Q78 caused lethality, the genotype of longGMR-Gal4 UAS-Sca3-Q78/+; d10135/+ would be lethal. If a recombination took place between an overexpression mutation on d10135 and P{SUPor-P}dikar, yellow-pigment progeny of longGMR-Gal4 UAS-Sca3-Q78/+ would be produced. However, progeny of this genotype were not recovered (N > 1000). Thus, the overexpression allele on d10135 failed to recombine with P{SUPor-P}dikar in 65C3, indicating that the XP in 65C3 on d10135 is responsible for both the eye defect and the interacting activity with UAS-Sca3-Q78.
These results showed a second XP, which is located on the right arm of the d10135 chromosome, was involved neither in the rough eye defect, nor in the synthetic lethality. To remove the XP element in 85A2 on d10135, a chromosome that contained the XP in 65C3 and a P{SUPor-P} in 70C6 (Figure 1(b) ) was retained from the previous recombination experiment (Figure 1(a) ). To separate these two transposons, a second round of recombination was carried out. Progeny that displayed the mini-w + expression, which was presumably from Figure 1 . Isolation of the d10135a chromosome. (a) Schematic drawings of the two XP elements on the parental d10135 chromosome and four SUPor-P elements on Chromosome 3. The centromere (a dot) of Chromosome 3 (a line) was shown. On d10135, one XP is in 65C3 on the left arm and the other is in 85A2 on the right arm (arrows). The SUPor-P element insertions (arrowheads) were used in the mapping, within the locations of 63E1, 65C3, 67A7, and 70C6, respectively. (b) Recombination to isolate the XP-65C3 element. A recombinant chromosome, which carried the XP-65C3 element (arrow) and a SUPor-P in 70C6 (arrowhead), gave rise to red-eyes and dark cuticle pigmentation (w + y + ). After another recombination between the XP and the SUPor-P (a cross symbol), a progeny that showed red eyes, but yellow cuticle, was selected. The reporter genes on XP and SUPor-P are w + and w + y + , respectively.
the XP in 65C3, and were yellow in body color, which indicated that the P{SUPor-P} in 70C6 was removed, were isolated. From one of these progeny, a strain was established to contain a d10135 derivative chromosome, d10135a, which carried only the XP element in 65C3. Further tests showed that this chromosome retained the characteristics of inducing the eye defect by GMR-Gal4, and interacting with UAS-Sca3-Q78.
UAS-Httex1p-97QP Alleles
UAS-Httex1p-97QP-w and UAS-Httex1p-97QP-s are two alleles on Chromosome 2. They were isolated by remobilizing a UAS-Httex1p-97QP insertion on Chromosome 3 by using a transposase source (Delta 2 -3).
Primers for Cloning and Sequencing
a) Derived from genomic sequences P-Ge-hh: 5'TTGCGCTCCTGGTTAATTTT3' P-Ge-1: 5'GCGCAGATAGCCAGATTAAC3' P-Ge-2: 5'GCGCGAACTCTTTAACATAC3' b) Derived from P element sequences P-XP-a: 5'AACGACGCATTTCGTACTCC3' (1610 bp internal to the XP 5'-end with an outward orientation).
Pp31: 5'CGACGGGACCACCTTATGTTATTTCATCATG3' (the 31-bp inverted terminal repeat of the P element and with an outward orientation).
PE5': 5'AATTCGTCCGCACACAAC3' (112 bp internal to the 5' end of the P element and with an outward orientation).
PE3': 5'TCGCACTTATTGCAAGCA3' (72 bp internal to 3' end of the P element and with an outward orientation).
31A: 5'CGACACTCAGAATACTATTCC3' (99 bp internal to 3' end of the P element and with an outward orientation).
Immunostaining
Third instar larval imaginal eye discs were dissected and prepared for staining in a phosphate-buffered saline solution (PBS, 130 mM NaCl, 7mM Na 2 HPO 4 ·2H 2 O, 3 mM NaH 2 PO 4 ·2H 2 O, pH 7.0). The anti-HA staining procedures were adapted from Warrick et al. [31] . Prior to microscopic examination, DAPI (0.5 µg/mL) was added to the mounting solution (Prolong antifade, Molecular Probes, Inc.).
Results
A Drosophila Chromosome Interacted with a Transgene That Encodes an Expanded PolyQ Stretch
The d10135a chromosome was found to cause a synthetic lethal phenotype when combined with a transgene that expressed an expanded polyQ protein. It carried a genetically engineered XP element in 65C3. Because the XP element contains UAS constructs that are in an outward orientation at both ends of the transposon, it allows Gal4-driven overexpression of adjacent endogenous Drosophila genes [32] . When combined with the long-GMR-Gal4 driver, d10135a caused eye defects, seen as a rough eye surface with conspicuous irregularly arranged bristles (Figure 2(a) ). The rough eye defect suggests that a gene on d10135a was under the control of an UAS element within the XP insertion, and was overexpressed in the presence of longGMR-Gal4. The analysis also showed that overexpressing the gene on d10135a, UAS-d10135a, with longGMR-Gal4 did not induce other visible defects, though a slight reduction of pupal hatch rate was observed (~92% survival rate, N = 313, Figure  2(b) ).
The UAS-Sca3-Q78 transgene encodes a protein with a 78 polyglutamine stretch that is a neurotoxin [31] . When driven by longGMR-Gal4, UAS-Sca3-Q78 induced damage to the adult eyes, seen as some loss of eye pigments (Figure 2 ). In addition, expressing UAS-Sca3-Q78 with longGMR-Gal4 was associated with a slightly reduced pupal hatching rate (~90% survival rate, N = 154, Figure 2 ). In the presence of longGMR-Gal4, a genotype containing UAS-Sca3-Q78 and the d10135a chromosome induced a lethal phenotype that was seen as Figure 2 . Eye defects and synthetic lethality associated with the d10135a chromosome. (a) Eye defects associated with three genotypes that expressed UAS-Sca3-Q78, UAS-d10135a, or coexpressed UAS-Sca3-Q78 and UAS-d10135a (rare escapers), by using the longGMR-Gal4 driver. The d10135a genotype without a driver showed wild type eyes. (b) Pupal survival rates of six genotypes that contained longGMR-Gal4, or shortGMR-Gal4. The pupal survival rate for each genotype was the percentage of pupae that emerged to adults: Pupal survival rate = No. of empty pupal cases (hatched adults)/No. of total pupal cases.
dead pupae, with only occasional adult escapers (~0.9% survival rate, N = 218, Figure 2) . The rare escapers lost nearly all of the pigments in the eyes (Figure 2) , and died within days after their hatch from the pupal cases. In conjunction with the eye defects, the lethal phenotype associated with the d10135a chromosome suggests that expression of a gene on the d10135a chromosome interacted with the UAS-Sca3-Q78 transgene, and significantly enhanced the toxicity of the expanded polyQ gene, resulting in a synthetic lethal phenotype.
There are two forms of the GMR-Gal4 drivers, longGMR-Gal4 and shortGMR-Gal4. longGMR-Gal4 carries pentamerized 39 bp glass-binding sites and it was used much less frequently than shortGMR-Gal4 that carries pentamerized 28 bp glass-binding sites [30] [34] . The unusual synthetic lethality associated with the longGMRGal4 driver could be attributed at least to three major factors. First, a chromosome position effect might have allowed the longGMR-Gal4 insertion to act in a non-eye tissue type that is essential for viability. Second, long-GMR-Gal4 could hold an additional expression pattern that is drastically different from that of shortGMR-Gal4, inducing a non-eye expression. Third, the synthetic lethality could be caused by a general property of the GMRGal4 drivers that induce Gal4/UAS expression in a tissue type that is essential for viability. In a study that replaced the longGMR-Gal4 with a shortGMR-Gal4 driver, similar eye defects and synthetic lethality were both seen for the d10135a chromosome (Figure 2 ). Since the two independently generated GMR-Gal4 drivers induced the synthetic lethal phenotype, the results showed that it was a general property of the GMR-Gal4 drivers that induced the synthetic lethal phenotype.
Overexpression of the Dikar Gene by longGMR-Gal4 Caused Eye Defects and a Synthetic Lethal Phenotype When Coexpressed with UAS-Sca3-Q78
The XP element in 65C3 on d10135a was inserted into the promoter region of a computer-predicted gene, CG42799 or Dikar (Figure 3(a) ) [32] [33]. The XP element has two UAS sites oriented outward at each end of the transposon, and one of them is flanked by a pair of FRT sites that are in a direct repeat orientation (Figure 3(b) ). Upon exposure to the FLPase (Figure 4) , the synthetic lethal genotype of longGMR-Gal4 UAS-Sca3-Q78/+; d10135a/+ was reverted frequently, suggesting that the UAS site flanked by the FRT pair in d10135a was responsible for inducing the synthetic lethality. Five independently isolated d10135a mutants, (-UAS)d10135a, FLPase treatment deleted the UAS element between the FRT sites (Del, deletion). Relative positions of a pair of PCR primers (arrows) are also shown. P-XP-a is derived from the XP sequence proximal to the FRT-UAS-FRT construct, while P-Ge-hh is derived from the Dikar's genomic sequence (blue). (c) PCR products by using the P-XP-a and P-Ge-hh pair. Six genomic samples were used as templates for the PCR: d10135a from the parental d10135a strain; (-UAS)-1 through (-UAS)-5 from 5 independently generated mutants of the d10135a insertion. longGMR-Gal4 UAS-Sca3-Q78/+; d10135a/+ was a synthetic lethal genotype with only rare escapers that showed severe eye defects. After treatment with FLPase, a large number of the genotype, long-GMR-Gal4 UAS-Sca3-Q78/+; (-UAS)d10135a/+, were produced. In heat shock, larvae were treated to activate hs-FLP expression as described in [35] . (-UAS)d10135a, a d10135a mutant, in which one of the UAS sites was deleted; lGMR, longGMR-Gal4; Q78, UAS-Sca3-Q78.
were retained. Further tests showed that the (-UAS)d10135a mutants could no longer induce the eye defects in the presence of longGMR-Gal4, neither could they interact with UAS-Sca3-Q78. PCR experiment was used to confirm the loss of the UAS element flanked by the pair of the FRT sites on d10135a, by using a primer pair, P-XP-a and P-Ge-hh (Figure 3(b) ). The predicted sizes of the PCR products for the d10135a chromosome and the mutant chromosome that lost the UAS, (-UAS)d10135a, were 1641 bp and 848 bp, respectively. As predicted, the (-UAS)d10135a mutants produced a PCR product of approximately 850 bp, which is smaller than that of the parental d10135a (approximately 1650 bp) (Figure 3(b) and Figure 3(c) ). Thus, the results showed that overexpression of a Drosophila gene from the UAS element flanked by a pair of FRTs was the cause of both the eye defects and the interaction with UAS-Sca3-Q78. Several lines of evidence suggest that this Drosophila gene is a computer predicted gene with an annotation ID No. CG42799 or Dikar. First, the d10135a XP insertion is located in the promoter of the Dikar gene, generating a UAS-Dikar fusion gene (UAS-Dikar-a) with the UAS element franked by a pair of FRTs. Second, unlike enhancer elements in metazoans, UAS could only activate a promoter within a short range of a few hundred base pairs [36] - [38] . Third, since the nearest neighboring gene downstream of Dikar is over 23,000 base pairs away, it is unlikely that the UAS element in the UAS-Dikar-a allele could control endogenous Drosophila genes other than Dikar. Hereafter, we will assume that the Drosophila gene, which could interact with UAS-Sca3-Q78 when overexpressed, is the computer-generated Dikar gene.
UAS-Dikar-a Interacted with the Expanded PolyQ Tract
In addition to the expanded polyQ proteins, mRNAs that contain the CAG repeats encoding the toxic polyQ tracts could also be toxic [39] . Thus, the modifying effect of the Dikar gene on UAS-Sca3-Q78 might result from Dikar's interaction with the transgene's transcript, or its protein product, or both. To investigate how Dikar interacted with UAS-Sca3-Q78, another transgene, UAS-Httex1p-97QP was used. UAS-Httex1p-97QP expressed an expanded polyQ stretch, but its 97 glutamines were encoded by CAG/CAA alternate codons [40] . If Dikar's interaction with UAS-Sca3-Q78 was mediated through the CAG repeats in the mRNA of the UAS-Sca3-Q78 transgene, a similar interaction with UAS-Httex1p-97QP then would not occur. However, if the interaction was mediated through the expanded polyQ tract, Dikar should likewise interact with the UAS-Httex1p-97QP transgene, because UAS-Httex1p-97QP also encodes a toxic polyQ tract. As shown in Methods, two alleles of UAS-Httex1p-97QP on Chromosome 2 were generated by remobilizing a transposon carrying the transgene on Chromosome 3 into different chromosome locations, including a weak allele, UAS-Httex1p-97QP-w, and a strong allele, UAS-Httex1p-97QP-s. Expressing either of the UAS-Httex1p-97QP alleles by longGMR-Gal4 caused eye defects, seen as slightly depigmented and glossy ( Figure 5 ), but no significant viability problems were detected for genotypes expressing either allele (Figure 6 ). When UAS-Dikar-a was coexpressed with UAS-Httex1p-97QP-s, it interacted with UAS-Httex1p-97QP-s, as it did with UAS-Sca3-Q78.
As shown in Figure 6 , a genotype coexpressing UAS-Dikar-a and UAS-Httex1p-97QP-s was synthetically le- thal with rare escapers. In addition, the escapers showed severe eye defects, similar to that of the escapers of longGMR-Gal4 UAS-Sca3-Q78/+; UAS-Dikar-a/+ (Figure 5) . Though a genotype coexpressing UAS-Dikar-a and UAS-Httex1p-97QP-w showed good viability, it was associated with severe eye damage ( Figure 5, Figure 6) .
The similarity between UAS-Dikar-a's interactions with UAS-Sca3-Q78 and UAS-Httex1p-97QP-s suggests that the interactions are mediated through the toxic polyQ stretch, which is shared in the gene products of both UAS-Sca3-Q78 and UAS-Httex1p-97QP-s. If so, similar to these interactions with the Sca3-Q78 and Httex1p-97QP-s proteins, interactions of the Dikar gene would occur with any protein containing an expanded polyQ tract. The UAS-41Q transgene encodes a protein that contains a 41 glutamine stretch but it contains no flanking domains [19] . As with UAS-Sca3-Q78 and UAS-Httex1p-97QP-s, a synthetic lethal interaction of UAS-Dikar-a with UAS-41Q was seen for the genotype of longGMR-Gal4/+; UAS-Dikar-a/UAS-41Q (Figure 6) .
Taken together, the results showed that UAS-Dikar-a interacted with three transgenes, UAS-Sca3-Q78, UASHttex1p-97QP-s, and UAS-41Q. Because the products of these transgenes shared neither mRNA homology, nor a flanking domain, the Dikar's interactions were mediated through the toxic polyQ stretches in each of the disease proteins, enhancing the neurodegenerative phenotypes in the eyes and possibly other tissue types that are essential for viability.
As a control, we examined the effect of coexpressing UAS-Dikar-a and a transgene, UAS-Sca3-Q27, which encodes a non-toxic 27 glutamine tract [31] , with the GMR-Gal4 drivers. The data showed that no significant interaction between UAS-Dikar-a and UAS-Sca3-Q27, on the eye defects, or viability.
Lethal Interaction between Two Toxic PolyQ Transgenes and Dose-Dependent Lethal Phenotypes
In addition to the interactions between Dikar and the toxic polyQ proteins, synthetic lethality resulted from ap- parent interactions between two expanded polyQ proteins were also seen. These included coexpressing UAS- (Figure 6(c) ). Thus, similar to the synthetic lethality from Dikar's interactions with the toxic polyQ stretch, synthetic lethality was also induced by coexpressing two expanded polyQ proteins.
Sca3-Q78 and UAS-Httex1p-97QP-w, coexpressing UAS-Sca3-Q78 and UAS-Httex1p-97QP-s, coexpressing UAS-41Q and UAS-Httex1p-97QP-s, and coexpressing UAS-41Q and UAS-Sca3-Q78
Though all of these UAS-transgene alleles are homozygous viable, most of the genotypes expressing two copies of a disease transgene with longGMR-Gal4 were lethal, too. This dose-dependent lethal phenotype, or synthetic-like lethal phenotype, was seen for three genotypes, each of which expressed a single expanded polyQ protein at a higher level from two copies of a UAS-transgene, including UAS-Sca3-Q78, UAS-Httex1p-97QP-s, and UAS-41Q (Figure 6(d) ).
However, unlike the transgenes that encode the toxic polyQ stretches, increasing the dose of UAS-Dikar-a appeared to have very little toxic effects, or no toxic effects at all, on viability, since a genotype expressing two copies of the UAS-Dikar-a allele with longGMR-Gal4 was viable (Figure 6(d) ). In fact, the level of the Dikar's expression could be further elevated without causing a serious problem for viability, because a stock containing two copies of the longGMR-Gal4 driver and two copies of the UAS-Dikar-a allele was successfully established.
Interaction of UAS-Dikar-a with the Expanded PolyQ Proteins Is a General Property of the Dikar Gene
Modifiers of the expanded polyQ proteins have been investigated intensively since these disease proteins were introduced into Drosophila in 1998 [31] [41] . Because UAS-Dikar-a was the only Drosophila allele that showed synthetic lethality with the expanded polyQ proteins, it was necessary to determine if this rarity was associated with an unusual UAS-Dikar allele that expressed its product at a higher level than the normal UAS-alleles. For example, at a low frequency, the newly generated XP insertion could be activated by the transposase, and its structure could be altered due to a local transposition onto the XP element, followed by more complex events including gap repair [42] - [45] . These secondary events, following the initial XP element insertion in Dikar, could give rise to a stronger UAS-expression structure, by adding additional GMR sequences on top of the 5 copies of the glass-binding sites present in the XP transposon.
To address a question of whether the strong interaction was unique to the UAS-Dikar-a allele, three additional UAS-Dikar alleles were generated independently from a local transposition experiment. Local transposition occurs nearby a starting P element at high frequency and the insertion sites are nearly entirely within the promoter regions of the targeted genes [44] [45] . Thus, the characteristics of local transposition, i.e., high frequency and promoter targeting, were ideal for isolating new alleles of UAS-Dikar. P{XP}d09108 is an XP insertion located nearby the Dikar promoter region and is only 635 bp upstream of the P{XP}d10135a insertion (Figure 7 and Figure 8 ). The d09108 insertion, which was reconfirmed by cloning and sequencing (Data not shown), did not show a rough eye defect when it was driven by GMR-Gal4. In a local transposition experiment, d09108 was used as a starting XP element to generate new alleles of UAS-Dikar alleles, in a two-step genetic screen ( Figure  7) . Briefly, in the first step of the genetic screen, the d09108 XP was activated by a transposase source to generate new insertions that showed the Dikar's rough eye defect, as shown Figure 2 , when combined with the shortGMR-Gal4 driver. In the second step of the genetic screen, the isolated insertions were investigated individually to determine if they interacted with the expanded polyQ proteins as UAS-Dikar-a did. The genetic [33] . Four UAS-Dikar alleles were produced by the insertions of the XP element (red triangles). UAS-Dikar-a on d10135a is at position {6,736,213}. Three additional UAS-Dikar alleles in the first intron, at positions of {5,735,543}, {5,735,442}, and {5,735,255}, were generated from remobilizing the XP-d09108 at {6,736,848}. Three PCR primers are indicated by arrows, P-Ge-1, P-Ge-2, and P-Ge-hh. A downward triangle indicates a P element insertion in a 3' to 5' orientation, while an upward triangle indicates a 5' to 3' orientation. Figure 8 . The effect of overexpressing Dikar on the Gal4/UAS system. A GFP reporter gene, UAS-2xEGFP, was used to examine the Gal4/UAS binary expression system. Representative images were taken for third instar larval imaginal eye discs of four genotypes. The signals from expressing the UAS-2xEGFP reporter gene were captured under identical exposure conditions (Panel (a) through (d)) to allow a direct comparison of the signal strengths between longGMR-Gal4 and shortGMRGal4. The images from Panel (e) and (f) were identical to those in Panel (a) and (b), except that they were digitally enhanced by increasing the brightness level.
screen was followed by molecular analyses, including cloning and sequencing with a set of primers derived from the genomic sequences and the P element sequences. The precise sites of the newly isolated XP insertions in the Dikar promoter region were then determined.
The molecular results showed that three newly isolated XP insertion sites are within the first intron of the Dikar gene, upstream of the translation initiation codon (Figure 7) . We also determined that all these UAS-Dikar alleles induced synthetic lethality when coexpressed with an expanded polyQ tract by GMR-Gal4. Thus, a total of four UAS-Dikar alleles have been examined, which were independently isolated and dispersed within, or nearby, the promoter region of the Dikar gene. Since all four alleles showed identical phenotypes, including rough eyes when combined with a GMR-Gal4 driver, and synthetic lethality when coexpressed with the expanded polyQ proteins, the data indicate that the interaction between Dikar and an expanded polyQ stretch is a general property of the Dikar gene.
Effect of over Expressing Dikar on the Gal4/UAS Expression System
Dikar is a putative protein coding gene in Drosophila, though its function remains unknown. It is neither required for viability nor fertility [46] , while its mammalian homologue, the Cecr2 gene, plays an important role in neuronal development [47] [48] . The Dikar and Cecr2 proteins share a HAT domain (histone acetyltransferase) and they are components of ISWI complexes that covalently modify chromatin and regulate transcription [46] - [48] . Since Dikar is predicted to act in transcriptional regulation, overexpressing Dikar might enhance the Gal4/UAS gene expression system, which could lead to higher expression of the UAS-transgenes. It could subsequently give rise to higher toxicity, resembling the synthetic-like lethality from a double dose of a disease transgene (Figure 6 ). To ask if overexpressing Dikar had an effect on the Gal4/UAS expression system, an enhanced GFP report gene, UAS-2xEGFP [49] , was used. We constructed a pair of genotypes, longGMR-Gal4/+; UAS-2xEGFP/+ and longGMR-Gal4/+; UAS-2xEGFP/UAS-Dikar-a. The strength of the green fluorescence signals from these genotypes in the third instar larval eye discs was similar, suggesting that overexpressing Dikar had very little or no effect on the Gal4/UAS binary expression system (Figure 8 ). An additional pair of genotypes, shorGMR-Gal4/+; UAS-2xEGFP/+ and shortGMR-Gal4/+; UAS-2xEGFP/UAS-Dikar-a, was also constructed. Similar to that of the first pair, no significant difference of the GFP signals was seen between the second pair of genotypes (Figure 9) , though the overall GFP signals from the shortGMR-Gal4 driver were much stronger than that of longGMR-Gal4, as expected [30] [34] . To further examine the effect of overexpressing Dikar on the Gal4/UAS expression system, expression of the UAS-Sca3-Q78 gene by using longGMR-Gal4 was also examined. This was facilitated by immunohistochemistry to detect the HA-tag that was fused to the Sca3-Q78 coding sequence in the UAS-Sca3-Q78 transgene [31] . The results showed that, in the presence or absence of the UAS-Dikar-a allele, the antibody staining against the HA-tag was similar in the third instar larval imaginal eye discs of a pair of genotypes, longGMR-Gal4 UAS-Sca3-Q78/+; +/+ and longGMR-Gal4 UAS-Sca3-Q78/+; UAS-Dikar-a/+ (Figure 9) . Thus, the data from the GFP reporter and from the im munostaining suggest that overexpressing Dikar has no significant effect on the Gal4/UAS expression system, though Dikar is predicted to play a role in transcriptional regulation by selectively modifying chromatin.
Discussion
Expanded PolyQ and GMR-Gal4/UAS
The GMR-Gal4/UAS gene expression system was introduced into Drosophila, more than a decade ago, to study the expanded polyQ neurodegenerative diseases by expressing the neuronal toxic polyQ proteins in the eyes [31] [41]. The introduction has been followed by bursting investigations into all mechanistic aspects of the expanded polyQ neurodegenerative proteins by using the GMR-Gal4/UAS system. For example, to study Huntington's disease, an array of transgenes was constructed to express various forms of the disease htt protein under the control of the GMR-Gal4/UAS system [24] . The GMR-Gal4/UAS system has also provided an efficient and sensitive tool for several genome-wide screens to identify modifiers that suppress or enhance the toxicity of the expanded polyQ proteins [18] [19] [23]- [25] . In addition to the loss-of-function modifiers, a large number of conditional gain-of-function (GOF) modifiers that could be overexpressed by using the GMR-Gal4 drive were also recovered from the screens. To isolate the GOF modifiers from the screens with the GMR-Gal4 driver, several collections of inducible UAS-GOF alleles were either obtained from an existing source [18] , or freshly isolated [19] [23]. These inducible GOF alleles were generated by the insertions of the EP element, which carried a UAS-expression construct in an outward orientation, similar to that of the XP element, to overexpress endogenous genes flanking the inserted EP elements in the presence of a GAL driver [50] .
Using the GMR-Gal4/UAS system we showed that synthetic lethality could be generated by coexpressing two expanded polyQ proteins while synthetic-like lethality could be produced by expressing a single expanded polyQ protein at a double dose. In addition, expressing two copies of the UAS-41Q with GMR-Gal4 induced a lethal phenotype, indicating that expressing a toxic polyQ tract alone with GMR-Gal4/UAS could lead to a synthetic-like lethality. These data suggest that expressing a toxic polyQ tract in Drosophila with the GMR-Gal4/ UAS system generates a sensitive, or even a critical, condition that is prone to lethality. The data also raise a possibility that, under this sensitized genetic background, overexpressing a Drosophila modifier might give rise to synthetic lethality. Nonetheless, no synthetic lethality was reported from coexpressing the GOF modifiers and the expanded polyQ proteins, despite of the large-scale genome-wide screens that contained more than 10,000 EP UAS-GOF alleles [18] [19] [23] . It is possible that only a small number of the Drosophila genes, when over-expressed by GMR-Gal4/UAS, could interact strongly with the expanded polyQ proteins to generate synthetic lethality, so that these rare alleles were not included in the genome-wide screens due to their sample sizes.
Synthetic Lethality and GMR-Gal4/UAS
Disruptions to the Drosophila eye development have practically no known effect on viability, or fertility. In an extreme case, the strong mutant alleles of the Drosophila eya gene (eyes absent) caused completely loss of adult eye facets [33] . Using GMR-Gal4/UAS in Drosophila, overexpressing a mouse gene (TIS11b), or a Drosophila gene (DTIS11), induced loss of eye facets, similar to that of the eya strong alleles [51] . Because the eyes are considered as nonessential to viability, it is generally believed that the widely used GMR-Gal4/UAS system is unbiased toward the recovery of modifiers. However, the results from our study have raised a concern about the use of the GMR-Gal4/UAS expression system to isolate expanded polyQ modifiers by monitoring the eye defects. A lethal-prone condition was implicated in our finding of the synthetic lethality, or synthetic-like lethality, as described above. We further showed that coexpressing Dikar, an endogenous gene, and the expanded polyQ proteins generated a synthetic lethal phenotype.
Though GMR-Gal4 operates primarily in the eyes, abundant evidence indicates that it is not restricted in the eyes. First, expression of the GMR-Gal4 driver outside of the eyes has been well documented. For example, early studies suggest that the progenitor of the GMR sequence is capable of inducing expressions in the larval brain and several other tissues, in addition to the developing eyes [28] . A recent study showed that GMR-Gal4 also operated in many other tissue types, including the wing discs, the trachea and the leg discs [52] . Second, GMR-Gal4/UAS frequently induced lethality at pupal stage [53] .
In our analysis, a "leaky" GMR-Gal4's activity outside of the developing retina is likely the cause of the synthetic lethality. Since the 'leaky' gene activities are usually associated with the current gene expression technology, expressing a toxic polyQ protein could often lead to a lethality-prone condition outside of the primary target cell type. Studies with a series of mouse model systems showed that, in addition to the brain and the CNS, the vast majority of non-CNS organs and tissues were damaged by expressing expanded polyQ proteins [6] . Thus, expressing a protein containing an expanded polyQ tract is likely detrimental to a large number of cell types in all model organisms. It is also conceivable that the toxic polyQ expression generates lethal-prone conditions in many of these affected cell types, and strong modifiers of the expanded polyQ proteins induce synthetic lethality, similar to that of Dikar, in model organisms.
Dikar's Synthetic Lethality with a Toxic PolyQ Tract
Examining the effects of coexpressing UAS-Dikar and UAS-Httex1p-97QP-s that encode a toxic polyQ tract with GAG/CAA alternate repeats, our data showed that Dikar's synthetic lethality is not mediated through the CAG repeats in the mRNAs, though long CAG repeats in mRNAs are toxic in Drosophila [39] . It has also been well documented that flanking domains of the toxic polyQ tract have significant influence on the toxicity of the disease proteins [7] [16] . Our data showed that the flanking domains play no role in the synthetic lethality, since Dikar induced synthetic lethality when coexpressed with each of three disease proteins that share no homology in the flanking sequences. It is further supported by the data showing that Dikar also induced synthetic lethality when coexpressed with UAS-41Q, which encodes no flanking domains.
With respect to synthetic lethality, Dikar's interactions with the expanded polyQ proteins appeared similar to the interactions between two expanded polyQ proteins (Figure 6(b) and Figure 6(c) ). However, unlike a disease protein that can trigger a synthetic-like lethality (i.e., expressing a single toxic polyQ protein in a double dose), Dikar appeared unable to initiate, or trigger, a synthetic-like lethal pathway, since elevated UAS-Dikar expression in a genotype carrying two copies of UAS-Dikar-a did not induce lethal defects (Figure 6(d) ).
The Dikar's HAT domain belongs to the GCN5 subfamily, which mediates acetylation of histones at lysine residues. Acetylation by a GCN5 protein is generally correlated with the activation of transcription [54] . Though Dikar's biological function remains unknown, mutant analysis showed that it is neither essential for viability, nor for fertility [46] . Its mouse homologue, Cecr2, on the other hand, is required for development, and a null allele of Cecr2 downregulated a number of transcription factors [47] [48] . Studies have shown that transcriptional deregulation resulted from impaired HAT activity is correlated with pathogenesis of the expanded polyQ disorders, but it remains unknown how overexpressing Dikar with GMR-Gal4/UAS impacts on transcription. Perhaps, not only Dikar's synthetic lethality is caused by its interaction with the disease proteins, but also an am-plifying effect resulting from Dikar's chromatin remodeling activity that deregulates a series of the downstream genes.
Synthetic lethal alleles are likely stronger interacting alleles than the enhancers isolated from the conventional screens that relied on modifications to the eye defects. For example, synthetic lethal alleles may interact with expanded polyQ proteins early in the neurodegenerative pathways to deregulate a cascade of downstream gene activity, and thus induce more severe damages that lead to synthetic lethality. Currently, it is unclear whether there are more genes that could interact with the toxic polyQ proteins to induce synthetic lethal phenotypes. However, searching for additional synthetic lethal alleles will be of great importance, because understanding of their actions and interactions could shed light on one of the most intriguing yet unknown issues of the expanded polyQ diseases, i.e., the initiating poisonous event, or events of the expanded polyQ toxicity.
